Escherichia coli seryl-tRNA synthetase (SerRS) a dimeric class II aminoacyl-tRNA synthetase with two structural domains charges specifically the five isoacceptor tRNA ser as well as the tRNA sec (seIC product) of E.coli. The N-terminal domain is a 60 A long armlike coiled coil structure built of 2 long antiparallel a-h helices, whereas the C-terminal domain is a a-/3 structure. A deletion of the N-terminal arm of the enzyme does not affect the amino acid activation step of the reaction, but reduces dramatically aminoacylation activity. The K cat /K m value for the mutant enzyme is reduced by more than 4 orders of magnitude, with a nearly 30 fold increased K m value for tRNA ser . An only slightly truncated mutant form (16 amino acids of the tip of the arm replaced by a glycine) has an intermediate aminoacylation activity. Both mutant synthetases have lost their specificity for tRNA ser and charge also non-cognate type 1 tRNA(s). Our results support the hypothesis that class II synthetases have evolved from an ancestral catalytic core enzyme by adding non-catalytic N-terminal or C-terminal tRNA binding (specificity) domains which act as determinants for cognate and anti-determinants for non-cognate tRNAs.
INTRODUCTION
The aminoacyl-tRNA synthetases are a group of enzymes which catalyse, with a high degree of specificity, the attachment of amino acids to their cognate tRNA molecules [see (1) for review]. For most of these enzymes including seryl-tRNA synthetase this overall reaction can be separated into two steps. The initial step results in the formation of a stable enzyme-bound aminoacyl adenylate intermediate (a) . In the second step the amino acid moiety of the enzyme-bound intermediate is transfered to the 3' end of the cognate tRNA(s) (b) E + aa + ATP E:aa-AMP + tRNA < > E:aa-AMP + PPj (a) E + aa-tRNA + AMP (b) Considering that the synthetases catalyse essentially the same reactions they vary remarkably both in primary and quaternary structure and show very limited sequence homology. Analyses of the primary structures of a complete set of the 20 enzymes from Eschericia coli resulted in the partition into two exclusive classes of 10 enzymes (2), corresponding to the two distinct structural classes found by 3-D structure determination by x-ray diffraction analysis (3) . Each class is characterized by certain sequence and structural motifs. Class I enzymes containing the sequence motifs HIGH and KMSKS use the classical (di)nucleotide binding (Rossmann) fold to accommodate the essential common substrate ATP. Three different conserved motifs are found in class II synthetases specific for serine, threonine, proline, histidine; aspartic acid, asparagine, lysine; glycine, alanine and phenylalanine. Motif 1 is part of the dimer interface with a universally conserved proline residue. Its structural importance and role for the functional interdependence of the enzyme subunits has recently been demonstrated for the yeast aspartyl-tRNA synthetase (4) . Motifs 2 and 3, located more towards the carboxy-terminal part of the enzymes, are essential constituents of the active site interacting with the substrates amino acid, ATP and 3' end of the tRNA (5) . The catalytic domains of class II enzymes exhibit a unique ATP binding fold formed by antiparallel /3-strands first described for E.coli seryl-tRNA synthetase (3) . In addition to their catalytic domains class II enzymes sequences contain N-terminal (SerRS, ThrRS, AspRS, AsnRS, PheRS and LysRS) or C-terminal (ProRS, HisRS, GlyRS, AlaRS) extensions (6) . The diversity of the structures and the location of these extensions make them potential candidates for specific tRNA binding domains. In the complex of yeast aspartyl-tRNA synthetase the anticodon region of the cognate tRNA binds to the N-terminal extension of this enzyme (7) . In SerRS structure the extension consists of two long antiparallel helices forming a 60 A arm-like structure with a different relative position of that found in aspartyl-tRNA synthetase. These different positions indicate a different manner of tRNA recognition in the aspartyl-and the seryl-systems.
The serine isoaccepting tRNAs from E.coli are all type 2 tRNAs with long extra arms. Previous results from this laboratory *To whom correspondence should be addressed on the X-ray diffraction analysis of the E.coli seryl-tRNA synthetase: tRNA complex (8) and that of Thermus thermophilus recently published (9) clearly show the interaction of the extra arm of the tRNA with the N-terminal domain of the enzyme. In the following study we demonstrate the importance of this interaction for aminoacylation activity and specificity. 
MATERIALS AND METHODS

Materials
Construction and overexpression of N-terminal deletion mutant genes
A. Deletion of the N-terminal arm-like structure. In order to remove the the arm-like N-terminal domain of SerRS wild-type ( Fig. la) a deletion clone of the serS gene was constructed in which codons 35-97 (coding for the two long antiparallel ahelices) were replaced by a glycine codon (Fig. lc) . To do this a blunt end StuI site was created in pSerS2 (10) at the serS codon 34-36 by site-directed mutagenesis (A 104 was changed to G, G105 to C and G107 to T, the A of the start codon being 1) as described in (34) . DNA from the resulting clone was double digested with StuI and Nrul and the large fragment religated. In this way an in phase fusion of codons 1-37 with codons 97 -430 linked by a glycine codon was obtained.
For high expression of the truncated synthetase the T7 expression system (11) was used. A Ndel site at the ATG start codon of serS was generated by PCR induced site-directed mutagenesis and the PCR fragment cloned into a suitable linearized and T-tailed vector (pCR™n, Invitrogen). The insert was then sequenced to check the creation of the Ndel site and to exclude DNA polymerase induced errors. After digestion a suitable Ndel-Ndel fragment was cloned into a modified T7 expression vector containing already the 3' Ndel-Hindlll serS fragment. This modified vector was constructed from pET5a (35) and pET16b (AMS Biotechnology) to obtain a 3' HindlH site. The resulting clones were screened for the correct orientation of the Ndel-Ndel fragment and suitable DNA (pETserS A35-97) transformed into HMS174 (12) .
B. Deletion of the tip of the arm-like structure. To determine whether the entire arm structure is necessary for seryl-tRNA synthetase activity a clone was designed expressing a mutant enzyme in which the arms were only slightly truncated whereby residues 56-72 were replaced by a glycine (Fig lb) .
A PCR reaction was run using a deletion primer (containing a suitable Pvul site 5' to the deletion) and a reverse primer in the presence of the wild-type plasmid DNA. The PCR amplified fragment was then cloned as described above and sequenced. A PvuI-BamHI fragment from this construct was used to replace the wild-type PvuI-BamHI fragment in the expression construct pSerS2-l a derivative of pSerS2 previously described (10) , where pBR322 is replaced by pUC18. A suitable fragment was obtained by a partial Pvul and a total BamHI digestion to give the plasmid pSerS2-l A56-72, which was transformed into KL229 (13) .
Purification of wild-type and mutant enzymes
Enzymes were purified to near homogeneity from 18 litres of bacterial culture, in three fractionation steps following a modified scheme of Leberman etal. (14) . The buffer used throughout was 64.4mM Tris-HCl pH 7.6, 0.5mM DTT and 10^M PMSF. The bacterial cell extracts were fractionated on a DEAE-Sepharose CL-6B column. SerRS containing fractions, detected by aminoacylation assays (10) or SDS-PAGE, were pooled and brought to 40% ammonium sulphate saturation. The precipitate was removed by centrifugation and the supernatant was applied to a Sepharose 4B column equilibrated with 1.5M ammonium sulphate in buffer. Developement was with a negative gradient from 1.5M-0.5M ammonium sulphate. SerRS containing fractions were pooled, precipitated with ammonium sulphate and finally fractionated by gel-filtration on a AcA 44 column. The enzymes were at least 95% pure, as judged by electrophoresis on SDS-polyacrylamide gels. The level of wild-type SerRS contamination in the mutant pools was tested by western blot analysis (33) using rabbit antiserum raised against wild-type SerRS. As the truncated SerRS forms cross-react only weakly with the antiserum we can detect very small contaminations of wild-type protein in presence of a large excess of truncated protein. Our mutant protein preparations routinely contain less than 0.02/ig of wild-type SerRS in 200/ig of mutant protein.
Purification of
The tRNA ser2 was purified from an overexpressing clone as described earlier (15) to a specific activity of 1150 pmols/OD 2 6o
Determination of kinetic parameters for deletion mutants and wild-type SerRS
Seryl-AMP formation. Rate constant and K app (apparent dissociation constants) values for L-serine and ATP in the reaction of seryl-AMP formation were determined following the method first described by Dibbelt etal. (16) and modified by K.S. Larsen (personal communication). We have choosen this method instead of the generally used ATP-PPj exchange reaction (36) in order to follow the forward direction in the first step of the reaction.
Active site titration. The active site concentration was determined by following the formation of the enzyme bound intermediate seryl-AMP. In the presence of pyrophosphatase (PPjase) the equilibrium of the reaction (no turn over) is displaced leading to the filling of all the catalytic sites with seryl-AMP. On addition of H3PO4 the seryl-AMP is released from the enzyme. The difference in charge between ATP and seryl-AMP permits the separation of the two compounds in a one step fractionation on an anion exchange column (Ice Sep Pac Vac plus Accel QMA cartridge).
The reaction of seryl-AMP formation for 2/tM of SerRS active sites (l^M of dimer) was performed in 50^1 of reaction mixture (10/iM [H 3 ]-ATP 0.4Ci/mmol, 500^M L-serine, 50mM MOPS pH 7, lOmM MgCl 2 , 0.05 units of pyrophosphatase). The reaction mixture was incubated for 30min at room temperature and then quenched by addition of 20/il of 0.132M H 3 PO 4 . After dilution with lml water, the mixture was loaded on a QMA column equilibrated with lmM H 3 PO 4 . The column was then washed with 2ml of lmM H 3 PO 4 . Under these conditions the ATP is retained by the column whereas the seryl-AMP is eluted. The seryl- [H 3 ]-AMP was determined by addition of the sample to 17 ml of OPTI-FLUOR (Packard) followed by scintillation counting.
pp
-serine and ATP. The individual apparent dissociation constants (^a pp ) for serine and ATP were determined under conditions in which measurements for one substrate were carried out in the presence of excess of the other substrate. (K.S. Larsen manuscript in preparation).
AT app are determined from the equilibrium concentration of seryl-AMP formed as a function of substrate concentration in absence of PP;ase. For the determination of the AT app for ATP the serine concentration was fixed at lmM and ATP concentrations varied from 0.1 to l^M with a ratio of [protein]/[ATP] = l/5. The corresponding value for serine was obtained at a fixed ATP concentration of 10 /tM by varying the serine concentrations from 0 to 600 /*M. Other experimental conditions were the same as described for the active site titration. The following equations (K. Larsen) were used to determine the apparent constants (AT app ): for serine:
for ATP:
Rate constants Due to the high reaction velocity of seryl-AMP formation, the rate constants of the reaction were examined by quench flow methods using the system QFM-5 from Biologic which allows one to vary the incubation time by a variation of the flow rate at constant reaction volume. The reaction at room temperature with incubation times running from 100ms to 3500ms was started by a rapid mixing of 100/il of substrate solution (2/tM [ 
All experimental kinetic data (at least 5 measurements per data point) were fitted to the corresponding equation by minimizing me sum of least squares between observed and calculated values using QUATTRO PRO for windows software (Borland International).
Determination of the K d for tRNA^2 by zone interference gel electrophoresis
The K d of the deletion mutants and wild-type enzymes for tRNA Ser2 were determined by vertical zone interference gel electrophoresis (17) . This was performed in 1.5% agarose GTG gels in 20mM Tris-acetate, pH7.6, 3.5mM MgOAc. A series of zone solutions (80/d) of increasing tRNA ser2 concentration was loaded into the slots. Then 5/*l samples of 3jiM enzyme solution were layered underneath the tRNA solutions. Electrophoresis was carried out at 300 volts for 60min with cooling at 8°C. After electrophoresis the gel was fixed and stained as decribed in (17) . The protein migration distance was measured for each tRNA concentration. According to the equation given in (17), the K d values of the different tRNA/protein complexes were determined.
Mischarging activity of SerRS deletion mutants
To test if the SerRS deletion forms conserved their specificity for cognate tRNA, total E.coli tRNA (100/ig) with a serine acceptance activity of 40pmol/OD 260 was aminoacylated for 30min in 20/tl buffer containing lmM ATP, 130/*M L-[U- 14 C] serine, 158mCi/mmol, 50mM MOPS pH7, 6mM MgCl 2 , lmM DTT, using 20/iM wild-type or mutant synthetase. The tRNA was then fractionated by electrophoresis on a 10% polyacrylamide acid/urea gel; 8M urea in 0.1M sodium acetate, pH 5.0 to avoid deacylation of aminoacyl-tRNA (18) . 
RESULTS AND DISCUSSION
Induction by IPTG of the clone HMS174 pETserS A35-97 in the T7 expression system leads to the overexpression of the truncated mutant enzyme to a very high level such that it represents about 50% of the soluble cell protein. A similar level of expression was obtained for the clone KL229 pSerS2-l A56-72. This mutant enzyme could be over-expressed from its own promotor. Both enzymes could be assayed in the first step of the reaction (a) and their concentrations measured by active site titrations. The replacement of the deleted peptides in the mutants by a glycine residue apparently is sufficient to maintain a suitable bend at the desired position in the protein fold.
In a recent report (19) the relative contribution of various tRNA ser domains to recognition by E. coli seryl-tRNA synthetase was studied. The analysis revealed that the variable stem/loop structure, characteristic of type 2 tRNAs such as tRNA ser , is the domain which, besides the acceptor stem, makes the largest contribution to k^/Km of aminoacylation. Deletion of the entire anticodon stem/loop of tRNA 5 " has only very little effect on the k^/Kja of aminoacylation.
Our present work demonstrates that the removal or the truncation of the N-terminal domain has no significant effect on the binding of either serine or ATP to their sites in the enzyme (Table 1 ) and for the mutant SerRS A35-97 confirms that the C-terminal domain of the enzyme is in fact the catalytic domain. These results can then be compared with those presented in Table  2 for the kinetic parameters of the interaction of the wild-type and mutant enzymes with cognate tRNA. Here we observe some increases in K m of the mutant enzymes but large decreases in the values of K^. The most striking results are for the mutant Up to a concentration of 400 fiM for the deletion mutants no binding was detected.
SerRS A35-97, in which the a-helical arm has been deleted, where compared to the wild-type enzyme the K m is increased by 30 fold and the K^ is 1000 times smaller leading to an overall reduction in K^J^ of 10 4 . Similar but smaller changes are found for the SerRS A56-72 mutant but nevertheless the removal of the 16 amino acids at the tip of the helical arm does lead to a reduction in K cat /K m of nearly 3 orders of magnitude. The apparent contribution of the helical arm of SerRS to the catalytic efficiency appears to be mainly due to a high K^ value and may reflect a role in the correct positioning of the tRNA in the active site for the aminoacylation reaction and, to a lower extent, an increased affinity for the cognate tRNA.
In Fig.2a two protein bands with different mobilities can be clearly observed for tRNA Ser concentrations between 0.25/iM and 8/iM showing the existence of two different types of complexes. For the complex with a higher mobility a K A value of 0.34^M was obtained (see Fig.3 ), for that with a lower mobility a K d value of 0.93/J.M. With increasing tRNA concentrations the intensity of the upper band seems to decrease, whereas that of the lower band to increase. This indicates the existence of two different tRNA binding sites per dimer. The binding of the first tRNA molecule to the enzyme seems to increase the affinity for the second site which would be consistant with a cooperative mechanism. The formation of two different complexes has already been observed using zone-interference electrophoresis for GTP and GDP forms of EF-Tu complexed with aminoacyl-tRNA (17) .
The affinity for tRNA 5 " measured by zone-interference electrophoresis is decreased by more than 3 orders of magnitude in the two truncated SerRS forms (see Fig.2b and Tab.3). The differences in affinity between wild-type and mutant enzymes are more pronounced by these direct measurements of dissociation constants than in the measurement of the kinetic constant, K m . This might be due to differences in the environment during the aminoacylation reaction and zone interference electrophoresis, or might reflect conformational changes in the enzyme during aminoacylation reaction, when the catalytic site will be occupied by seryl-AMP, thereby increasing the affinity for the tRNA. Recently a technique using preformed enzyme:aa-AMP complex (20) has been used to measure kinetic constants corresponding only to the transfer and not like in our case to the overall reaction. Since we compare enzymes with very similar kinetic constants in the first step of the reaction, the differences in kinetic parameters obtained for the overall reaction should mainly reflect differences in the transfer step for mutant and wild-type SerRS.
Both sets of results are consistent with the proposition that the N-terminal helical arm like stucture of the enzyme is involved in tRNA binding (recognition) and in the correct positioning of the 3' end of the tRNA in the active site during the aminoacylation reaction. The results are also in full agreement with the low resolution crystallographic study of E.coli SerRS complexed with cognate tRNA ser (8) and the structure of the T.thermophilus complex (9) . Both structures show the helical arm of the enzyme making contacts with the T^C loop and the long extra arm of the tRNA. In the slightly truncated SerRS mutant (SerRS A56-72) only one of the 11 homologues residues making contacts with the tRNA in the T.thermophilus complex is missing. Therefore the very low aminoacylation activity and the high K d . value observed might indicate a more global effect of the deletion on the arm-like structure or a different tRNA binding mode for the mesophilic and the thermophilic enzymes. The presence of only 1 tRNA molecule per dimer in the complex with the thermophilic enzyme in contrast to the E. coli one is in favour of the latter supposition.
Our results are also in full agreement with data previously described by Saks and Sampson (19) , type 2 tRNAs (lane 2), whereas the mutant with only the tip of the arm truncated (SerRS A56 -72 lane 3) and the mutant with the totally truncated arm (SerRS A35-97, lane 4) can clearly mischarge type 1 tRNAs. The degree of mischarging was higher when SerRS A35-97 was used for aminoacylation, possibly indicating that in the partially truncated arm some identity elements are conserved. These results illustrate the importance of the N-terminal SerRS domain for both aminoacylation activity and tRNA recognition.
The anticodon is an important recognition element for 17 of the 20 E.coli isoaccepting groups (22) . In some cases a change in the anticodon can even cause an identity switch of the tRNA (23) . Two high resolution structures of the aminoacyl-tRNA synthetase/tRNA complexes, namely that of E.coli glutaminyltRNA synthetase (24) a class I synthetase and that of yeast aspartyl-tRNA synthetase a class II synthetase (7) both show the anticodon in contact with the synthetase demonstrating its important role in the recognition process (25) . For other tRNAs the acceptor stem may contain important recognition elements; a single base pair in the acceptor stem could be a major recognition element e.g. G 3 -U 70 for tRNA^8 (26) and G|-C 73 E.coli tRNA his (27) . For the bacterial seryl-tRNA synthetase system it has been known for many years that recognition of the anticodon of the cognate tRNAs was not a requirement for aminoacylation (28, 29) . The results above provide a description of the necessary mutual interactions between the large variable arm found in bacterial tRNA** and the long arm-like N-terminal domain of bacterial seryl-tRNA synthetase. The recognition elements to be found on the enzyme N-terminal domain appear to be both positive and negative. Interestingly bovine mitochondrial seryl-tRNA synthetase does not only charge cognate E.coli serine tRNA species, but also extensively misacylates noncognate E.coli tRNA species (30) . In general, mitochondrial synthetases appear to be capable of charging eubacterial as well as mitochondrial tRNA, whereas the eubacterial counterparts in general do not charge efficiently cognate mitochondrial tRNA. This unilaterality in aminoacylation may imply that in response to simplifications in the species number and structural elements of animal mitochondrial tRNAs the mitochondrial synthetases have evolved simpler tRNA recognition mechanisms reminiscent of possible ancestor forms. If a N-terminal arm structure is present or absent in a mitochondrial seryl-tRNA synthetase is unknown whereas not all animal mitochondrial serine specific tRNAs possess a long variable arm and even in some cases the D-stem/loop is missing (31, 32) .
